Cytotoxic necrotizing factor (CNF) toxins, isolated from certain Escherichia coli strains known t o cause intestinal and extra intestinal infections, induce reorganization of the actin cytoskeleton and generate hyperploidy in adherent cell lines. We have examined the effect of CNF toxin on one of the few cell types that naturally increase nuclear DNA content, megakaryocytes. Our studies show that only hematopoietic cells capable of differentiating along the megakaryocyte lineage responded t o the CNFZ toxin by becoming polyploid and by reorganizing actin. The K562, HEL, and CHRF-288-11 cell lines can be induced with phorbol ester t o differentiate along the megakaryocyte lineage, and these cells also respond t o the toxin with increased DNA content and actin cytoskeletal rearrangements. Interestingly, treatment of the K562 and HEL cell lines with CNF2 does not result in an increase in production of the megakaryocytic marker glycoprotein Illa, unlike phorbol ester treatment. Conversely, two EGAKARYOCYTES, which comprise less than 1%
M of all bone marrow cells, are the precursors of circulating platelets. As with all hematopoietic cells, megakaryocytes are derived from a pluripotent stem cell within the marrow. Mature megakaryocytes are polyploid, resulting from multiple rounds of DNA replication without corresponding cytosolic division. This morphologic change is known as endomitosis. The exact mechanism by which these cells undergo endomitosis is still unknown, although recent work has suggested that alterations in cyclin activity and cell division kinases may be involved.'.' Because of the low numbers of megakaryocytes present in the bone marrow, analysis of their differentiation has been difficult.
The isolation and characterization of human leukemic cell lines capable of differentiating along the megakaryocyte lineage has enhanced the study of megakaryopoiesis and the factors that regulate it. These cell lines are induced to differentiate along the megakaryocyte lineage by the addition of phorbol esters, a known activator of protein kinase C. After treatment, morphologic changes exemplified by increased size and increased DNA content (due to endomitosis) and the increased expression of megakaryocytic-specific such as glycoproteins (gp) llb and IIIa and factor IV, have been observed and used to document the maturation of these cell lines.
Endomitosis can also be induced in many cultured mammalian cells with a unique set of bacterial toxins. These toxins, known as cytotoxic necrotizing factors (CNFs), are produced by Escherichia coli strains isolated from intestinal and extra intestinal infections.' Two different toxins, CNFl and CNF2, have been described." These two toxins are immunologically related, and both induce necrosis in a rabbit skin assay and endomitosis in several cultured mammalian cell lines. Both proteins are monomeric and have a molecular weight of 110 to 115 kD."'" These toxins have been shown to extensively reorganize the actin cytoskeleton into prominent stress fiber^.''.'^,'^ It is through this rearrangement of the actin cytoskeleton that the toxins are believed to induce endomitosis in the cell lines, although the exact mechanism is unknown.10*'5,'6 Although very similar, there are some re-T-cell leukemic cell lines, CEM and Molt4, and the promyelocytic HL-60 cell line, which do not differentiate along the megakaryocyte lineage in response t o phorbol myristate acetate, do not respond t o CNFZ. by increased expression of gpllla, increased nuclear DNA content, or actin reorganization. A potential target of these toxins, RhoA, i s expressed by both megakaryocytic and nonmegakaryocytic cell lines, as shown by reverse transcription-polymerase chain reaction and Western blot. Although it is clear that the CNF toxins can affect a wide variety of adherent nonhematopoietic cell lines, we propose that the response t o CNF, in terms of reorganizing actin structure and increase in DNA content in hematologic suspension cells, correlates with the capability of these target cells t o differentiate along the megakaryocytic lineage.
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ported differences between the proteins. CNFl is chromosomally encoded," whereas CNF2 is plasmid encoded. 18 Studies in HeLa cell cultures have shown that the effects of each toxin are also distinguishable. Treatment with CNFl produces cells with increased DNA content accompanied by rounding and enlargement of the cells." CNF2 treatment results in a reduced level of endomitosis when compared with CNFI, elongation of the cells rather than the rounding associated with CNFI, and a partial loss in viability. I6 The assembly of actin in eukaryotic cells has been shown to involve the ras-related guanosine triphosphate (GTP)-binding Rho proteins." Interestingly, treatment of mammalian cells with CNF2 results in modification of the Rho proteins, as shown by a shift in apparent molecular weight, although this shift is not believed to be due to adenine diphosphate (ADP)-ribosy1ation.l4 This result suggests an interaction between CNF2 and Rho proteins and that Rho proteins may be a target of CNF2 action. Although the mechanism of the change in Rho is unknown, the effects of CNF2 on the actin cytoskeleton are similar to those observed when a constitutively activated mutant of RhoA is microinjected into Swiss 3T3 cells.*' This finding suggests that CNF2 may exert its effect by modifying the structure of the Rho protein so that it becomes functionally constitutive, resulting in actin reorganization. Rho and similar family members such as rac have recently been shown to be involved in signal transduction through both the MAP kinase pathway as well as other, less well-defined The true function of these small GTP-binding proteins in cell growth and regulation is still to be defined.
In this study, we show that the CNF2 toxin induces hyperploidy in several human megakaryocyte cell lines, but not in human cell lines of other blood cell lineages. This suggests that the capability of human hematologic cell lines to respond to CNF2 is unique to those capable of megakaryocytic differentiation and may be represented by either a positive or negative regulator present in these cell lines or the expression of a cell surface receptor specific for CNF2. It is also apparent from these studies that the expression of a potential target of CNF toxins, RhoA, is not sufficient to induce the effects of the toxin, because cell lines that do not respond to CNF2 do express RhoA.
MATERIALS AND METHODS

Cells and Culture
CHRF 288-1 1 cells were grown in suspension in Fischer's media (GIBCO, Gaithersburg, MD) supplemented with 20% horse serum (GIBCO). The K562, HEL, HL-60 (obtained from American Type Culture Collection, Rockville, MD), CEM, and Molt4 (obtained from Dr Bruce Aronow, Children's Hospital Research Center, Cincinnati, OH) cell lines were grown in suspension in RPMI media (GIBCO) containing 10% fetal bovine serum (GIBCO). All cells were grown at 37°C in a humidified incubator with 5% COz in air.
Toxin Purijication
For the majority of experiments, CNF2 toxin was prepared from E coli strain DHS(pEOSW20). and cell extract from strain DH5(pBluescriptSK-) was used as a negative control. Extracts were prepared by inoculating a single colony from an L-agar plate supplemented with 100 pg/mL ampicillin into 1 L of tryptic soy broth containing 200 pg/mL ampicillin. The flask was incubated with shaking ovemight at 37°C. The cells were harvested by centrifugation at 10,000 rpm for IO minutes in a Sorvall SLA 1000 rotor (Dupont Inc, Wilmington, DE). The cell pellet was washed with 100 mL cold phosphate-buffered saline (PBS; pH 7.4), collected by centrifugation as described above, suspended in 20 mL cold PBS, and passed through a French press at 1,000 psi. The cytoplasmic supernatant was obtained from the cell lysate by centrifugation at 20,000 rpm for 60 minutes in a Sorvall SS34 rotor. The supernatant was filter sterilized twice, first through a 0.45-pm CN bottle top filter and then a 0.22-pm CA tube top filter (Costar, Cambridge, MA). In these studies, the CNF2 toxin was further purified by collecting the precipitate from a 40% to 60% ammonium sulfate fractionation and dialyzed against two changes of PBS overnight.
The protein concentration of the cell extract was determined by Bradford analysis. The amount of toxin activity was determined by a Chinese hamster ovary (CHO) cell assay. CHO cells were maintained in Ham's F12 medium (GIBCO) supplemented with 10% fetal bovine serum (FBS), penicillin (50 U/mL), and streptomycin (SO mg/mL). To assay for toxin activity, confluent cells were washed twice with Hanks' balanced salt solution, trypsinized, and plated ovemight in a 96-well plate in Ham's F12 medium containing 1% FBS. Serial twofold dilutions of toxin were added the next day and incubated for 48 hours. The cells were stained by Giemsa and scored microscopically for multilobed nuclei. Toxin prepared in this manner was estimated to be 0.3% pure, based on the fact that 20 ng/mL of pure toxin corresponds to 1 U of activity, which is the toxin concentration required to morphologically alter 50% of the cells.' ', I2 Initial experiments used toxin purified slightly differently. Toxin extract type 140 and inactive toxin extract type 113 were prepared from a sonic lysate of DHS a(pEOSW30) and DH5 a(pK184), respectively. Both extracts were precipitated with 50% ammonium sulfate, applied to a diethyl aminoethyl trisacryl column equilibrated in 0.025 mold., Tris-HC1, pH 7.4, buffer, and eluted with the same buffer containing 0.1 mol/L NaCl.
Stimulation of Cells With Exogenous Agents
Exponentially growing cells were collected and pelleted at l00g for 5 minutes. CHRF 288-11 and K562 cells were resuspended in fresh growth media at 5 X lo4 cells/mL. HEL, CEM, Molt4, and HL-60 cells were resuspended at 1 X IO5 cellslml. All cell lines were stimulated to differentiate along the megakaryocyte lineage with phorbol myristate acetate (PMA, Sigma, St Louis, MO) at a concentration of 8 X Unless otherwise stated, 1 X IO5 cells/mL of each cell line were treated with CNF-containing cell extract at a final protein concentration of 7.9 pg/mL for 72 hours. Initial studies for dose response were performed with the more purified cell extract (see above) as follows: 10,000 cells were incubated in complete media for 1 hour at 37°C in a humidified incubator (5% COz). After 1 hour, wild-type toxin (#140) or inactive extract (#113) was added to the cells to obtain a final dilution of 20.0 pg, 2.0 pg, or 0.2 pg/ mL per well. After 72 hours, the cells were analyzed for morphologic changes and DNA content as described below.
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Cytospin Procedure
Cells ( I to 5 X lo4) were pelleted in a polypropylene tube (IOOg for 4 minutes at room temperature). The supernatant was removed and the cell pellet was resuspended in 200 mL of PBS containing 10% bovine serum albumin (BSA). The resuspended cells were then deposited on a slide by spinning in a cyto-centrifuge at 1,000 rpm for IO minutes. The slides were then allowed to air dry.
Staining Procedures
Slides on which cells had been deposited were fixed with 3.0% paraformaldehyde for 5 minutes at room temperature and rinsed with PBS. Slides were flooded with 1 mL of undiluted Wright's stain (Sigma) for 1 minute, rinsed with deionized water, and air dried.
Cytospun air-dried slides were fixed with 3.0% paraformaldehyde in PBS (5 minutes at room temperature) and permeabilized with 0.05% saponin in PBS containing 0.5% BSA ( 5 minutes at room temperature). The slides were then incubated with 0.1 mg/mL RNASE cocktail (Ambion, Austin, TX) for 1 hour at 37°C. Cells were rinsed with PBS and incubated with 0.1 mg/mL fluorescein isothiocyanate (FITC)-labeled phalloidin (Sigma) for 1 hour at room temperature. After washing with PBS containing 0.05% saponin and 0.5% BSA and rinsing in PBS, the cells were mounted using 10 mL vectashield mounting medium for fluorescence H-1000 (Vector Laboratories, Burlingame, CA) and examined and photographed using a Zeiss fluorescence microscope (Jena, Germany) at 400x.
Dried cytospin slides were fixed with 3.0% paraformaldehyde as described above. Slides were then mounted with 10 mL vectashield mounting medium containing 0.01 mg/mL propidium iodide. For personal use only. on October 31, 2017. by guest www.bloodjournal.org From
Fluorescence-Activated Cell Sorting (FACS} Analysis
Cells were seeded at 1 X ld/mL. After appropriate treatments (ie, toxin or PMA), the cells were pelleted and washed in PBS. These cells were then resuspended in 1 mL of propidium iodide solution (0.05 mg/mL propidium iodide, 1.0 mg/ mL sodium citrate, 0.03% NP 40) and incubated on ice for 1 hour. Unless otherwise described, 10, OOO cells were analyzed using a Becton Dickinson FACScan flow cytometer (Becton Dickinson, Mountain View, CA) with methods described by Prasad and Sidman." FACS analysis was performed without changing the machine settings between runs so that a direct correlation of DNA fluorescence (ploidy) can be made between treated and untreated cells.
A total of 5 X lo4 cells/mL was plated in 2 mL of growth media in a 24-well dish. Cell extract containing toxin was added to a final protein concentration of 7.9 mg/mL. After 72 hours, the cells were pelleted by centrifugation at l00g for 4 minutes, resuspended, and washed in ice-cold FACS buffer (RPMI, 1% fetal calf sera, and 1% HEPES, pH 7.0). The cells were resuspended in 30 pL of FACS buffer and 30 pL of fluorescein-conjugated antibody (anti-IIIa or anti-CD5; DAKO, Glostrup, Denmark) was added to the mix. Cells were incubated on ice for 45 minutes, washed three times in ice-cold FACS buffer, and resuspended in 1 mL of FACS buffer. Ten thousand cells for antigpIIIa and 5,000 cells for anti-CD5 were analyzed using a Becton Dickinson FACScan flow cytometer and data were interpreted using Lysis I1 software (Becton Dickinson, Franklin Lake, NJ). Arbitrary fluorescent units were used to calculate average cellular fluorescence. These values are reported as fold increase after treatment of the cells as compared with untreated cells.
DNA content.
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Reverse Transcription-Polymerase Chain Reaction (RT-PCR) Analysis
Four micrograms of total RNA isolated from K562, HEL, and CEM cell lines using RNAzol (following the manufacturers' protocols) was reverse transcribed with Superscript reverse transcriptase in a 20 pL reaction (according to manufacturers' protocols). First, 3 mL of the single-stranded cDNA and 1 pg of each RhoA primer were added to 20 pL of sterile water that was then covered with mineral oil. This mixture was heated to 94°C for 2 minutes; the temperature was reduced to 72OC; and 5 pL of lox buffer (100 mmol/L Tris-HC1, 500 mmol/L KCl, 15 mmol/L MgC12, 0.1% wt/ vol gelatin, pH 8.3) and 5 pL of a dNTP mix (consisting of each deoxynucleotide at 0.2 mmol/L, 5 pL of 25 mmol/L MgC12, 9.5 pL of sterile water, and 0.5 pL of 5 U/pL of TAQ DNA polymerase [Promega, Madison, WI]) was added per reaction tube (in the form of 2X master mix). Reactions were performed in a Perkin Elmer thermal cycler (Perkin Elmer, Norwalk, CT) with the following conditions: 94°C for 45 seconds, 60°C for 45 seconds, and 72°C for 45 seconds for 25 cycles. Resulting products of 282 bp were separated on a 1% agarose gel and viewed by ethidium bromide staining. The negative control experiment was to preincubate the RNA samples with 1 mL of RNASE cocktail (Ambion) for 10 minutes at 37°C before performing the reverse transcription. This control tests for the presence of contaminating genomic DNA in the RNA sample. The primers used for rhoA expression were designed using the primer program and consisted of a forward primer starting at bp 352 (5'-ATTATGATCGCCTGAGGCC-3') and a reverse primer starting at bp 633 (5'-ACTCCATGTACCCAAAAGCG-3').
Westem Blot Analysis
All cell lines were grown as described previously. Approximately 2.0 X lo7 cells were collected by low-speed centrifugation (1OOg) at room temperature for 5 minutes. Pellets were rinsed Cell lysis.
two times with PBS and lysed by resuspending the cells in 200 pL of lysis buffer (1% Triton X-100 detergent, 20 mmoVL Tris [pH 8.01, 137 mmol/L NaCl, 10% glycerol, supplemented with 1 mmoU L phenylmethylsulfonyl fluoride, 0.15 U aprotinidmL, and 1 m o l / L sodium orthovanadate) and passing the cells several times through a thin-tipped Pasteur pipet. After incubation on ice for 20 minutes, the extract was clarified by centrifugation at 4°C for 10 minutes at 12,000g. The supematant was removed and used for all subsequent experiments. An aliquot of the extract was used to determine protein levels by the BCA assay kit (Pierce, Rockford, IL; the assay was conducted according to the directions supplied by the manufacturer). To the remainder of the extract was added 0.25 vol of 4X sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) buffer (0.25 mol,% Tris-C1, pH 6.8, 9.2% SDS, 40% glycerol, 10% P-mercaptoethanol), and the samples were placed in a boiling water bath for 5 minutes. Samples were then subjected to immediate Westem immunoblotting or stored at -20°C.
Forty micrograms of protein from each cell extract was loaded on a 12% SDS-PAGE and run for 2 hours at room temperature. The separated proteins were electrophoretically transferred from the gel onto nitrocellulose mem- 
Gel electrophoresis and Western blotting.
RESULTS
CNF2-Induced
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CNF-Induced Hyperploidv in Cells of the Megakanwcytic Lineage
Previous studies of endomitosis by CNF toxins have focused on adherent tissue culture cell line^^'".*".^' and endomitosis has been shown to correlate with the production of stress fibers. However, the CHRF 288-1 1 cell line is nonadherent and may not be able to produce stress fibers to the same extent as adherent cells. To determine if CNF2 was able to induce nuclear changes in other suspension cell lines capable of megakaryocytic differentiation, the HEL and KS62 cell lines were treated with CNF2 toxin for 72 hours. The results are shown in Fig 2. As seen with the CHRF 288-1 I megakaryocyte cell line, HEL and K562 cell lines also exhibit multilobed nuclei in response to addition of CNF2 toxin, with greater than 80% of the cells responding to a protein concentration of 7.9 yglmL of cell extract containing the toxin. Similar results were obtained using CNFl toxin (data not shown), indicating that both types of toxins have similar effects on these cell lines.
CNF-Induced Hyperploidy in Suspension Blood Cell Lines
I s Limited to Cells of the Megakanwytic Lineage
The ability of CNF2 toxin to induce hyperploidy in suspension cell lines that do not differentiate along the megakaryocyte lineage was examined using several different leukemic cell lines. Two T-cell leukemia cell lines, CEM and Molt4, and a promyelocytic cell line, HL-60, were tested for their response to treatment with CNF2 toxin. Figure 3 shows FACS analysis of the DNA content of these cells after treatment with CNF2 toxin. As expected, CHRF 288-1 1, HEL, and K562 showed increased DNA content in response to treatment with CNF2 toxin. Before the addition of toxin, the fraction of cells containing greater than a 4N content of DNA is very low, approximately 2% in CHRF, 1.6% in K562, and 3.5% in HEL. After the addition of toxin, this fraction increases to 63% in CHRF 288-1 1, 32% in K562, and 52% in HEL cells. However, cell lines unable to differentiate along the megakaryocyte lineage did not increase their DNA content in response to incubation with CNF2 toxin. The CEM cell line, under control conditions, has 1% of the cells with a DNA content greater than 4N, and this fraction does not change, remaining at 1% after treatment with CNF2. Under control conditions, I .S% of the MOLT4 cells contain greater than 4N content of DNA; after treatment with CNF2, this fraction of cells does not increase. HL60 cells show 0.26% of cells greater than 4N before treatment; after exposure to CNF2, the fraction of cells greater than 4N remains less than 1% at 0.47%. These results imply that the ability of human hematologic cell lines to undergo endomitosis in response to CNF2 toxin may be restricted to cells that are capable of megakaryocytic differentiation. Figure  4 contains examples of the morphologic changes the cells undergo after incubation with CNF2. Cells that respond to the toxin become larger and exhibit multiple nuclear lobes (CHRF, K562, and HEL); cells that do not respond to the toxin do not undergo these types of changes (CEM), although the CEM cell nuclei does alter its shape and gives the appearance of multilobed nuclei.
Hvperploidy Induced by CNF Toxin Does Not Correlate With gptlla Expression
Treatment of megakaryocyte cell lines with PMA results in morphologic changes, enlargement of the cell, increased DNA content, and expression of the megakaryocytic marker gpIIIa.h'X To determine if treatment with CNF would produce similar results, fluorescein-conjugated anti-gpllla antibody was used to examine gpllla production by KS62 and HEL cell lines before and after treatment with toxin. Figure fold increase in HEL cells of the average cellular fluorescence. This increase is only a small fraction of the 15-fold increase generally seen with PMA treatment.2R The CEM cell line, which does not become polyploid in response to CNF2 toxin, did not show an increase in gpIIIa fluorescence.
To determine if the shift in gpIIIa fluorescence observed in cells treated with toxin was an actual increase in expression of the marker and not a result of increased nonspecific binding due to cell enlargement, megakaryocytic cell lines were treated with toxin and examined for the expression of a marker unrelated to megakaryopoiesis. For this purpose, fluorescein-conjugated anti-CD5 antibody was used in FACS analysis and the results are shown in Fig 5B. Megakaryocytic cell lines, which do respond to the toxin, show a fluorescence increase of 2.23-% 0.5-fold in K562 cells and a fluorescence increase of 2.7-2 0.6-fold in HEL cells of CD5 expression. This increase is the same as that observed for gpIIIa expression. Cells that did not respond to the toxin, represented by the T-cell line CEM, did not increase expression of CD5. Therefore, it is likely that the increase seen in gpbIIIa expression in cells treated with toxin is a result of cell enlargement and not of induction of expression of gpIIIa by CNF toxin.
Expression of RhoA in Hematopoietic Cell Lines
A potential target of CNF toxins is the GTP-binding protein RhoA.'' To determine if RhoA was expressed in the cell lines, RT-PCR and Western blot analysis were performed. RT-PCR was performed on three cell lines, of which two became polyploid in response to the toxin and one did not. Total RNA isolated from two megakaryocyte cell lines (HEL and K562) and one T-cell line (CEM) was reverse transcribed into cDNA. This cDNA was amplified using primers specific for RhoA (see Materials and Methods). As shown in Fig 6, all three cell lines, whether capable of megakaryocyte differentiation or not, express the RhoA message. A negative control, consisting of using RNASE-treated RNA before the reverse transcription step, displayed no band when amplified with the same primers (data not shown). This control indicates that there was no genomic contamination within the sample used for PCR analysis. Western blot analysis (Fig 7) shows that all of cell lines examined (CHRF-288-1 I, K562, HEL, Molt-4, and CEM) express the RhoA protein at approximately the same level. These results indicate that the presence of RhoA within a cell does not necessarily correlate with the ability of the cell to become polyploid in response to toxin. Therefore, although RhoA may be necessary for CNF toxin to function, it appears it is not sufficient.
CNF2 Toxin Causes Reorganization of Actin in Suspension Cells
Previous studies suggest that Rho proteins, specifically RhoA, are targets of CNF2 toxin in mammalian cells. These proteins have also been shown to be involved in the formation of stress fibers in adherent cells." We therefore decided to examine actin structure in the various cell lines to attempt to correlate the formation of stress fibers with the increased ploidy of the megakaryocyte cells. Figure 8A and E show the actin reorganization in an adherent cell line (mouse fibroblast 3T3) to CNF2, in which a dramatic accumulation of thick, extended stress fibers is observed. A less dramatic reorganization is seen when the HEL and K562 cell lines are examined. As shown in Fig 8B, C, F , and G, toxin treatment for 72 hours results in the appearance of spike-like protrusions on the cell surface (HEL cells) and the appearance of actin clusters in areas of cell contact (Fig  8D and E) . The suspension T-cell line, CEM, although shown to express RhoA, does not become polyploid in response to toxin and does not show significant changes in actin structure after incubation with toxin (Fig 8D and H) . These results indicate that incubation of suspension cells with CNF2 does reorganize the actin structure of the cells, but only in the cells that respond to the toxin. This reorganization of actin appears to be most extensive in adherent cells, somewhat less dramatic in suspension cells that are able to undergo endomitosis in response to the toxins, and least effective in suspension cells that do not become polyploid in response to toxin.
do not occur with the nonmegakaryocytic cell lines. Because all of the cell lines examined in this work (both megakaryocytic and nonmegakaryocytic) express one of several potential targets of CNF, the small GTP-binding protein rhoA, the lack of a suitable target for the toxin does not fully explain the nonresponsiveness of the T-cell or promyelocytic cell lines to the toxin. Because most bacterial toxins containing a catalytic activity require a cell surface receptor for entry into the cell, it is possible that CNF toxin requires a specific receptor for entry into cells, although such a receptor has not yet been identified. The fact that a wide variety of cell types are susceptible to the toxin (fibroblasts, hepatocytes, epithelial cells, and hematopoietic cells) suggests that the receptor, if a specific one is required, is a fairly common constituent of cellular membranes. Further experiments need to be performed to fully define the difference in responsiveness to CNF2 toxin between megakaryocytic and nonmegakaryocytic cell lines. Two general models of action of the CNF toxins can be hypothesized to explain its effect on the nucleus. The first model hypothesizes that the toxin would interfere with the physical separation of the daughter cells, but would still allow nuclear division to progress as usual. The second model hypothesizes that the toxin could
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DISCUSSION
The data presented in this manuscript show that CNF2 induces cell enlargement and an increase in DNA content in hematopoietic cells that have the capability of differentiating along the megakaryocytic pathway. Cells that do not become megakaryocytes are refractory to the action of the toxin. The increase in DNA content of the premegakaryocytic cells is correlated with changes in the actin cytoskeleton, events that For personal use only. on October 31, 2017. by guest www.bloodjournal.org From affect the cell cycle controls that ensure that the alteration between S-phase and mitosis occurs.
One way in which the first hypothesis could be realized is through the interaction of the toxin with cellular actin. The exact mechanism whereby CNF toxins reorganize the cytoskeleton is unknown; however, treatment of cells with CNF2 has been shown to result in modification of Rho proteins, whose primary function identified to date is a role in the formation of stress fibers. After treatment with CNF2, the RhoA protein decreases in electrophoretic mobility,14 which was the indication that this protein is a target of the toxin. However, unlike the ultimate effects of cholera and pertussis toxins, the alteration in electrophoretic mobility is not due to ADP-ribosylation and is still not well defined.
Cells treated with CNF toxin repeatedly replicate their DNA but do not undergo cytokinesis. Cytokinesis requires the formation of a contractile ring that is composed of actin and myosin filament^.'^ The contractile ring defines where cleavage will occur in the cell, an area known as the cleavage furrow.29 Rho-like proteins have been localized to the contractile ring in dividing sand dollar eggs,30 suggesting a tight interaction between rho and cytokinesis. To assemble the contractile ring, reorganization of actin and myosin is required. CNF may inhibit cytokinesis by sequestering the actin filaments into complex bundles or stress fibers and therefore rendering them unavailable for construction of the contractile ring. If the ring is not produced, cell division will not occur and an increase in DNA content would be observed. Because CNF does bring about alterations in actin structure in affected cells and fails to do so in resistant cell types, this represents a potential mechanism for its action. Nonresponding cells may either lack a necessary component of the signaling pathway required for stress fiber formation or may contain an inhibitor of rhoA-mediated signaling pathways. This inhibitor would not be present in the premegakaryocytic cell lines. Further work is required to differentiate between these possibilities.
It is of interest to note that the effects of the CNF toxins are very similar to those induced by antimicrotubule agents such as taxol and colchicine."-33 The addition of these drugs to various different cell types, including megakaryocytic cell lines,32 induces cell cycle alterations such that endomitosis results, leading to increased DNA content without cellular division. However, this action is toxic to the cells and usually only allows for one cycle of endomitosis (2N DNA content to 4N). Microtubule inhibition is yet another means by which cells can increase their DNA content in the absence of division and provides for another potential target for CNF activity.
The second hypothesis of CNF action concerns an altered regulation of the S-phase/mitosis transition. Normally, cells maintain ploidy by having mitosis as a prerequisite for DNA synthesis (S-phase), and CNF toxins could alter this requirement. Although evidence supporting this hypothesis is not as concrete as the first hypothesis, it is not without precedence. There are specific examples of genetic control on a cell's ability to undergo multiple rounds of DNA synthesis without cytoplasmic division. The ts4 1 temperature-sensitive mutant of CHO cells will replicate its DNA up to 32N, without cellular division, at the nonpermissive temperature. ' ' More recently, loss of the pS3 gene has been shown to allow cells the ability to undergo multiple S-phases without mitosis.'" The ts41 and pS3 gene products therefore represent two additional potential targets for CNF toxin action. It is unclear how normal megakaryocytes evade the stringent Sphaselmitosis regulation and how this evasion is initiated during the transition from colony-forming units-megakaryocyte to mature megakaryocytes, although there is a large body of recent work indicating that cyclins and cyclin-dependant kinases play a role in this tran~ition.*-~.~.'~ In addition to the cyclins and their regulatory proteins, recent work with Rho and its family members has implicated Rho in signal transduction leading to mit~genesis.'~.'~ It is possible that a combination of rho and cyclin pathways is initiated by toxin binding to the cells. Use of the CNF toxin family may provide insight into the normal loss of S-phase/mitosis regulation in megakaryopoiesis and the abnormal loss of S-phase/ mitosis regulation in aneuploid tumor cells.
